We study the effect on leptogenesis due to B −L cosmic strings of a U (1) B−L extension of the Standard Model. The disappearance of closed loops of B − L cosmic strings can produce right handed neutrinos, N R 's, whose CP -asymmetric decay in out-of-thermal equilibrium condition can give rise to a net lepton (L) asymmetry. This is studied by using the relevant Boltzmann equations and including the effects of both thermal and string generated N R 's. We explore the parameter region spanned by the relevant lightand heavy neutrino mass parametersm 1 and M 1 , and constrain the scale of B − L symmetry breaking, η B−L , as well as the Majorana Yukawa coupling h 1 of the lightest right handed neutrino. For the values η B−L > 10 11 GeV, where they can be effective, cosmic strings make a more dominant contribution than thermal leptogenesis. This provides an upper bound on the CP violating phase giving rise to the L-asymmetry. *
Introduction
Present low energy neutrino oscillation data [1] [2] [3] are elegantly explained by the neutrino oscillation hypothesis with very small masses (≤ 1 eV) of the light neutrinos. Neutrinos can have either Dirac or Majorana masses. Small Majorana masses of the light neutrinos, however, can be generated in a natural way through the seesaw mechanism [4] without any fine tuning. This can be achieved by introducing right handed neutrinos, N R 's, into the electroweak model which are neutral under known gauge symmetries. The Majorana masses of these N R 's are free parameters of the model and are expected to be either at TeV scale [5] or at a higher scale [6, 7] . This indicates the existence of new physics beyond Standard Model (SM) at some predictable high energy scale.
The heavy right handed Majorana neutrinos are also an essential ingredient in currently one of the most favored scenarios of origin of the observed baryon asymmetry of the Universe (BAU), namely, the baryogenesis via leptogenesis (BVL) scenario [8] [9] [10] [11] . Indeed, the most attractive aspects of the BVL hypothesis of the origin of the BAU is the link it implies between the physics of the heavy right handed neutrino sector and the experimental data on neutrino flavor oscillation, thus making the hypothesis subject to experimental tests. Specifically, Majorana mass of the neutrino violates lepton number and thus provides a natural mechanism of generating a lepton (L) asymmetry. In the BVL scenario, the leptogenesis occurs via the L-violating, CP -asymmetric, out-of-equilibrium [12] decay of the heavy right handed Majorana neutrinos to SM leptons and Higgs. The resulting Lasymmetry is then partially converted to a B-asymmetry via the non perturbative B + L violating (but B − L conserving) electroweak sphaleron transitions [13] . The magnitude of the B-asymmetry so produced depends on, among other parameters, the masses of the heavy neutrinos, which in turn are related to the light neutrino masses via the seesaw mechanism. The mass-square differences amongst the three light neutrino species inferred from the results of neutrino experiments, therefore, place stringent constraints on the BVL hypothesis.
An appealing way to implement the BVL scenario is to extend the SM to a gauge group which includes B − L as a gauge charge. The heavy neutrino masses are then related to the scale of spontaneous breaking of this gauge symmetry. Further, in the early Universe we start with a clean slate as far as B or L asymmetries are concerned since B − L is then a conserved gauge charge and B + L is anomalous. All observed B asymmetry must be generated only after the phase transition breaking this symmetry. This is unlike the case of a global B −L which could be produced in an unpredictable way from Quantum Gravity effects in the Big Bang. We thus have greater predictability in models with gauged B − L. The simplest way to implement this scenario is to extend the SM by the inclusion of an extra U (1) B−L gauge symmetry.
Spontaneous breaking of B − L gives rise to the possibility of "B − L" strings, i.e., strings whose core carries B − L magnetic flux. Whether or not such strings form depends in general on the Higgs structure of the theory [14, 15] . However, B − L strings become an inevitable feature if the phase transition involves the breaking of a U (1) B−L . With chiral coupling of the heavy neutrinos to the Higgs, such strings carry zero modes [16] [17] [18] [19] [20] [21] of N R 's. It has been noted by several authors [22] [23] [24] [25] [26] [27] that decaying, collapsing, or repeatedly selfintersecting closed loops of such cosmic strings, can be a non-thermal source of massive particles whose subsequent decay gives rise to the observed BAU. In a previous work [27] , the contribution of only the N R 's emitted from the decaying B −L cosmic string loops were considered assuming their abundance to be substantially larger than thermal abundance. Compatibility with WMAP results [28] , then requires an upper bound on the mass (M 1 ) of lightest right handed Majorana neutrino (N 1 ), assuming that the CP -violating parameter ǫ 1 to have its maximum value. It was shown there that in a hierarchical scenario (M 1 < M 2 < M 3 ) the mass of lightest right handed neutrino must satisfy the constraint
where η B−L is the U (1) B−L symmetry breaking scale. However, in the analytical estimation in ref. [27] the contribution of thermally present right handed Majorana neutrinos to the present BAU was not taken into account. A complete analysis of BAU in presence of cosmic strings can only be done by solving the Boltzmann equations [10, 11] including the N R 's of cosmic string origin as well of thermal origin. This is the study taken up in this paper.
We are led to some interesting conclusions. Too low a scale of η B−L is unfavorable to cosmic string assisted leptogenesis. However the scale where it is efficient, it can successfully complement the thermal scenario. This can be understood from the fact that in the thermal scenario [10, 11] the initial thermal abundance of N R 's reduces exponentially with temperature. On the contrary, the density of cosmic string generated N R 's has a power law dependence inherited from the scaling behavior of cosmic strings, and dominates at late times. Quantitatively, cosmic string generated N R 's are not helpful for η B−L < 10 11 GeV. However, for larger η B−L , they can be very efficient, more so than thermal leptogenesis for certain ranges of values for the other parameters,m 1 and h 1 as detailed in sec. 4.4. For these values of the parameters we are required to place an upper bound on the CP violating phase, in order not to overproduce the asymmetry.
The rest of our paper is organized as follows. In section 2, we briefly review baryogenesis via leptogenesis. Assuming a normal mass hierarchy in the heavy Majorana neutrino sector we discuss the leptogenesis constraints on the mass scale of the lightest right handed neutrino as well as the B − L symmetry breaking scale. In section 3, we briefly discuss the formation and evolution of B − L cosmic strings and calculate the injection rates of right handed Majorana neutrinos from the decaying cosmic string loops. Section 4 is devoted to obtaining the baryon asymmetry from the out-of-equilibrium decay of N R 's of cosmic string origin as well as of thermal origin by solving the full Boltzmann equations. The effects of the injected heavy Majorana neutrinos from cosmic string loops on the thermal leptogenesis are discussed. Finally in section 5, we summarize our results.
2 A brief review of baryogenesis via leptogenesis
The general framework
In our model the lepton asymmetry arises through the decay of right handed Majorana neutrinos to the SM leptons (ℓ) and Higgs (φ) via the Yukawa coupling
where f ij is the Yukawa coupling matrix, and i, j = 1, 2, 3 for three flavors. We use the basis in which the mass matrix of the heavy Majorana neutrinos, M , is diagonal, where the Majorana neutrinos are defined by
). However, in this basis the Dirac mass matrix m D (= f v, v being the vacuum expectation value of the SM Higgs) of the neutrinos is not diagonal. The canonical see-saw mechanism then gives the corresponding light neutrino mass matrix
In this basis the light neutrino mass matrix m ν can be diagonalized by the lepton mixing matrix [29] U L to give the three light neutrino masses
where m 1 , m 2 , m 3 are chosen to be real and positive. The current data from the neutrino oscillation experiments while providing the absolute mass square differences of the light neutrinos and the mixing angles, do not determine the phases. The best fit values of the neutrino masses and mixings from a global three neutrino flavors oscillation analysis are [30] 
and
Further, in absence of data about the overall scale of neutrino masses, we assume a normal hierarchy, m 1 ≪ m 2 ≪ m 3 , for the light neutrino masses. With this assumption equation (7) gives
We will use the above value of m 3 to obtain the upper bound on CP -asymmetry in subsection 2.2.
Decay of heavy Majorana neutrino and CP -asymmetry
The CP -asymmetry parameter in the decay of N i is defined as
Assuming a normal mass hierarchy in the heavy Majorana neutrino sector, M 1 < M 2 < M 3 , it is reasonable to expect that the final lepton asymmetry is produced mainly by the decays of the lightest right handed Majorana neutrino, N 1 . Any asymmetry produced by the decay of N 2 and N 3 is erased by the lepton number violating interactions mediated by N 1 . At an epoch of temperature T > M 1 , all the lepton number violating processes mediated by N 1 are in thermal equilibrium. As the Universe expands, the temperature of the thermal plasma falls. Below a temperature T F ∼ M 1 , all L-violating scatterings mediated by N 1 freeze out, thus providing the out-of-equilibrium situation [12] necessary for the survival of any net L-asymmetry generated by the decay of the N 1 's. The final L-asymmetry is, therefore, given essentially by the CP -asymmetry parameter ǫ 1 , whose magnitude is given by [6, 7] 
where v ≃ 174 GeV is the electroweak symmetry breaking scale and δ ≤ 1. Using the best fit mass for m 3 from equation (8) the maximum value of ǫ 1 can be given as
Baryogenesis via leptogenesis and bound on M 1
The L-asymmetry, created by the decays of N 1 , is partially converted to the B-asymmetry by the rapid nonperturbative sphaleron transitions which violate B + L but preserve B − L. Assuming that sphaleron transitions are ineffective at temperatures below the electroweak transition temperature (T EW ), the B-asymmetry is related to L-asymmetry by the relation [31] 
where we have taken p = 28/79 appropriate for the particle content in SM . The net baryon asymmetry of the Universe is defined as
where the factor 0.55 in front is the fraction of L-asymmetry that is converted to Basymmetry and Y N 1 is the density of N 1 in a comoving volume at the epoch T ∼ M 1 , which is defined as
and d is the dilution factor. In equation (14), s stands for the entropy density and is given by
The present-day value of the baryon-to-photon ratio η ≡ (n B − nB)/n γ inferred from the WMAP data is [28] 
Using (11) in equation (13) and comparing with (16) we get
The above lower bound on M 1 indicates that B − L symmetry breaking scale must satisfy the constraint η B−L ≥ 10 9 GeV unless we allow the Majorana Yukawa coupling, h 1 , of the lightest right handed neutrino to be greater than unity.
Cosmic strings as the source of non-thermal heavy neutrinos
The possibility of B − L cosmic strings in various extensions of the SM were studied in [32, 33] . However, for simplicity, in the present case we consider the model based on
. We then follow the symmetry breaking scheme
where χ is the Higgs boson required to break the U (1) Y ′ gauge symmetry and φ T = (φ + , φ 0 ) is the SM Higgs.
As the Universe cools below the critical temperature, T B−L , of the B − L symmetry breaking phase transition, the Higgs field χ develops a vacuum expectation value χ = η B−L . The same Higgs field also forms the strings. The mass scale of these strings is fixed by the energy scale of the symmetry breaking phase transition η B−L at which the strings are formed. Then the mass per unit length of a cosmic string, µ, is of order η 2 B−L ∼ T 2 B−L . The right handed neutrinos acquire Majorana masses also from coupling to the same Higgs field χ,
where h is the Yukawa coupling matrix, and N c R = iσ 2 N * R defines the Dirac charge conjugation operation. The equation of motion of N R in the background of χ forming the string admits |n| normalizable zero-modes in the winding number sector n [16, 17, 20] . On a straight string these modes are massless. However, on a generic string they are expected to acquire effective masses proportional to the inverse radius of the string curvature. As soon as this mass becomes comparable to the mass of the free neutrinos in the bulk medium, these neutrinos can be emitted from the string. In any case, when the string loop shrinks and finally decays it emits various massive particles: the gauge bosons, the heavy Higgs (χ) and the massive right handed Majorana neutrinos (N i ).
Evolution of B − L cosmic strings
The evolution of cosmic strings in the expanding Universe has been discussed in detail in [15] . Here we briefly recapitulate the main results relevant to the discussions in the present paper; also see, e.g., [27, 38] .
A great deal of analytical as well as numerical studies of the evolution of cosmic string networks in the early Universe suggest that after its formation at a phase transition, the string network quickly enters a scaling regime, in which the energy density of the network scales as a fixed fraction of the radiation or matter energy density in the Universe. Equivalently, the ratio x ≡ ξs t where ξ s is the physical length scale characterizing the network and t is the comoving time coordinate, remains a constant. In this regime a key physical process that sustains the scaling regime is the formation of sub-horizon sized closed loops which are pinched off from the network whenever a string segment curves over into a loop, intersecting itself. The closed loops so formed have an average length L b = KΓGµt where Γ ∼ 100 is a geometric factor and K is a factor of order unity. In the radiation dominated epoch, the number density n b of the loops born per unit volume per unit time is governed by the rate equation
Using a large-scale cosmic string network simulation and comparing the resulting prediction of CMB anisotropies with observations, a recent analysis [35] puts an upper limit on the fundamental cosmic string parameter µ, giving Gµ < ∼ 0.7 × 10 −6 . This probably rules out cosmic string formation at a typical GUT scale ∼ 10 16 GeV. However, lighter cosmic strings arising from symmetry breaking at lower scales, are not ruled out.
Our interest is to determine the injection rate of the heavy majorana neutrinos from decay of the string loops. For this purpose it is necessary to distinguish between two important ways strings can decay, namely, slow death and quick death.
Slow decay of string loops
This is the way most cosmic string loops would decay, losing energy through emission of gravitational radiation as a loop oscillates freely, and eventually decaying into other elementary particles including the heavy neutrinos N i 's as it shrinks to microscopic size. While we expect the number of neutrinos N N released per loop in this way to be order one, it is difficult to be more precise, and we keep this number as an undetermined parameter. Taking into account the dilution of the number density of loops due to expansion of the Universe between the times of their birth and final demise, equation (20) gives the number of loops disappearing due to this "slow death" (SD) process per unit time per unit volume at any time t (in the radiation dominated epoch) as
where f SD is the fraction of newly born loops which die through the SD process. Guided by numerical simulations [15] , we shall assume f SD ≃ 1. Correspondingly, the rate of release of massive Majorana neutrinos due to SD process can be taken to be N N times the above rate,
Using (14), the above rate gives the injection rate of massive Majorana neutrinos in a comoving volume as
where z = M 1 /T is the dimensionless variable with respect to which the evolution of the various quantities is studied. Here we have used the numerical values for the constants Γ = 100, x = 0.5, g * = 100 and K = 1. Note that the mass of the lightest of massive Majorana neutrinos M 1 relates to scale of symmetry breaking phase transition as
Quick decay of string loops
Some fraction of the loops may be born in configurations with waves of high harmonic number. Such string loops have been shown [36] to have a high probability of self-intersecting. In this scenario a large loop of length L can break up into a debris of tiny loops of size η −1 B−L (at which point they turn into the constituent massive particles) on a time-scale ∼ L. A loop born at the time t in a high harmonic configuration decays, due to repeated self-intersection, into massive particles on a time scale τ QD ∼ KΓGµt ≪ H −1 (t). It is thus a "quick death" (QD) process. These loops die essentially instantaneously (compared to cosmological time scale) as soon as they are formed. The rate at which loops die through this quick death process can be written as
where f QD is the fraction of newly born loops that undergo QD. The injection rate of the massive Majorana neutrinos due to the QD process is thus given by
Using (14), in a comoving volume, the above rate (25) can be rewritten as
Note that, since these loops at each stage self-intersect and break up into smaller loops before completing one oscillation, they would lose only a negligible amount of energy in gravitational radiation. Thus, almost the entire original energy of these loops would eventually come out in the form of massive particles.
The value of f QD is not known. However, there are constraints [37, 38] on f QD from the measured flux of the ultrahigh energy cosmic rays above ∼ 5 × 10 19 eV and more stringently from the cosmic gamma ray background (CGRB) in the 10 MeV -100 GeV energy region measured by the EGRET experiment [39] . The latter gives
where η 16 ≡ (η B−L /10 16 GeV). For GUT scale cosmic strings with η 16 = 1, for example, the above constraint implies that f QD ≤ 10 −5 , so that most loops should be in nonselfintersecting configurations, consistent with our assumption of f SD ∼ 1. Note, however, that f QD is not constrained by the above considerations for cosmic strings formed at a scale η B−L < ∼ 3.1 × 10 13 GeV.
4 Baryogenesis via leptogenesis in presence of cosmic strings: towards a complete analysis
Analytical approximation
In this section we summarize the main results of our previous work [27] which serve as the motivation for the detailed numerical work taken up here. A simple estimate of the total number of non-thermal neutrinos from the cosmic string loops is obtained by integrating equations (23) and (26) from the epoch of T ∼ M 1 to T → T ew . Allowing the maximal CP -violation given by equation (11) and demanding that the resulting value of the baryonto-photon ratio not exceed the observed value given by equation (16) we get, for the SD process, an upper bound on the mass of N 1 to be [27]
where N N is the number of right handed neutrino released from the disappearance of each cosmic string loop. In terms of the Yukawa coupling, h 1 ≡ M 1 /η B−L , the above bound reads h
Above estimates allow us to identify regions in the η B−L − M 1 plane determining models for which cosmic string processes can play an important role in the baryogenesis problem. This is shown in Figure 1 for N N = 10, for example, which shows that the cosmic string SD process by itself can account for the observed BAU for models lying on the thick solid line (more precisely, on a small band about the thick solid line, the width of the band being determined by the uncertainty in the measured value of BAU). By the same argument, the region above the thick solid line in Fig. 1 is ruled out from the consideration of the predicted over-production of the BAU due to the cosmic string loop SD process. Clearly, the above constraint from BAU is meaningful only for
lower values of η B−L are relevant for the SD process only if we allow h 1 ≥ 1. The corresponding constraints from the QD process, which is subject to the CGRB constraint (27) , are also shown in Fig. 1 by the thin solid line. Clearly the QD case constraints are weaker than those imposed by the SD process.
In the analytical estimation of lepton asymmetry by thermal processes alone, the wash out effects just below the mass scale of N 1 are treated as negligible. In that case the final lepton asymmetry depends on the density of N 1 in a comoving volume and the strength of CP -violation. This situation is modified significantly by injection of non-thermal heavy neutrinos. Therefore, in the following, we attempt to establish a complete analysis of baryon asymmetry by solving the relevant Boltzmann equations including the N 1 's of non-thermal origin such as the ones produced from the decaying cosmic string loops as well as those of thermal origin. We then discuss the constraints on the symmetry breaking scale η B−L .
Boltzmann Equations
Considering the lightest right handed heavy Majorana neutrino (N 1 ) of cosmic string origin as well of thermal origin at any epoch of temperature T (or equivalently z) the total rate of change of the abundance of N 1 's is given by
The first term on the right hand side of equation (31) is given by the usual Boltzmann equation [10, 11] dY N 1 dz
where D and S constitute the decay and ∆L = 1 lepton number violating scatterings which dilute the number density of N 1 , and Y eq N 1 is the abundance of N 1 in the thermal equilibrium situation.
The second term on the right hand side of equation (31) gives the rate of injection of N 1 's, coming from the disappearance of string loops, into a comoving volume at a rate
where the two terms on the right hand side are given by the equations (23) and (26) respectively. One can see from the equations (23) and (26) that while the first term, i.e, the slow death of string loops dominates at early times, the second term, i.e., the quick death of cosmic string loops dominates at late times. The two terms in equation (31) compete with each other. While the first term dilutes the density of N 1 in a comoving volume, the second term try to enrich it due to the continuous injection of N 1 's from the disappearance of cosmic string loops. The dilution of N 1 's, due to the CP-violating decay, vis-a-vis produce a net B −L asymmetry dynamically. This can be calculated by solving the Boltzmann equation
The first term in equation (34) , involving the decay term D, produces an asymmetry while a part of it gets erased by the wash out terms involved in W . Note that W includes the processes of inverse decay and the ∆L = 1, ∆L = 2 lepton number violating scatterings. In a recent work [40] it has been reported that the thermal corrections to the above processes as well as the processes involving the gauge bosons are important for final B−L asymmetry. However, their importance is under debate [41] . In this paper we limit ourselves to the same notation as in [10, 11] . In equations (32) and (34), D = Γ D /Hz, where
determines the decay rate of N 1 , with
the effective neutrino mass parameter [11] , and H is the Hubble expansion parameter. Also, S = Γ S /Hz, where Γ S determines the rate of ∆L = 1 lepton number violating scatterings and W = Γ W /Hz, where Γ W determines the rate of wash out effects involving the ∆L = 1, ∆L = 2 lepton number violating processes and inverse decay. The various Γs are related to the scattering densities [10] γs as
The dependence of the scattering rates involved in ∆L = 1 lepton number violating processes onm 1 and M 1 are similar to that of the decay rate Γ D . As the Universe expands these Γs compete with the Hubble expansion parameter. Therefore in a comoving volume we have
On the other hand the dependence of the γ's in ∆L = 2 lepton number violating processes onm 1 and M 1 are given by
In the above equations (38), (39), k i , i = 1, 2, 3 are dimensionful constants determined from other parameters.
Constraint on effective neutrino mass (m 1 )
In order to generate an L-asymmetry all the lepton number violating interactions mediated by N 1 have to satisfy the Sakharov's criteria [12] . First, the requirement of CP violation is met by virtue of the Yukawa couplings in (2) being complex quantities. Second, in order to satisfy the out of equilibrium condition the decay rate of N 1 has to be less than the Hubble expansion parameter. This imposes a constraint on the effective neutrino mass parameterm 1 as follows. At an epoch T < M 1 ,
where m * , the cosmological neutrino mass parameter, is given by [42] 
where g * is the effective number of relativistic degrees of freedom. Therefore, for all values ofm 1 < m * , at an epoch T < M 1 a net B − L asymmetry can be generated dynamically. This constraint onm 1 can be realized in a model as follows. We assume a charge-neutral lepton symmetry for which we take the texture of the Dirac mass of the neutrino of the form [43] 
Using (17) and (42) in equation (36) we get the constraint to bẽ
which is in consonance with our assumption thatm 1 < m * at any epoch T < M 1 .
Solving the Boltzmann equations
At an epoch T ≫ M 1 the lepton number violating processes are sufficiently fast as to set the B − L asymmetry to zero. As the temperature falls and becomes comparable with M 1 a net B − L asymmetry is generated through the CP -violating decay of N 1 . The resulting asymmetry can be obtained by solving the Boltzmann equations. We solve the equations (31) and (34) numerically with the following initial conditions
Using the first initial condition we solve equation (31) In the usual thermal scenario the B − L asymmetry depends on not onlym 1 , but also M 1 . In the present case the B − L asymmetry depends, additionally, on η B−L since the injection rate of N 1 's from the cosmic string loops strictly depends on it. Depending on the B − L symmetry breaking scale, the effects of cosmic strings on the baryon asymmetry are shown in the Figures 2 and 3 . In these Figures we have taken the saturated value of the CP -asymmetry parameter ǫ 1 .
In Figure 2 (a) it can be seen that in a thermal bath the B − L asymmetry approaches the final value at around M 1 = 10T when all the wash out processes fall out of equilibrium. In contrast to it, in the presence of cosmic strings the B − L asymmetry continues to build up until the injection rate of N 1 's in a comoving volume is insignificant. For h 1 = 1 this happens around M 1 = 6 × 10 2 T , as shown in Figure 2 (b), which is far larger than in the purely thermal case. As a result of this, in presence of cosmic strings, for a fixed value of the symmetry breaking scale η B−L = 10 13 GeV, the final B − L asymmetry is enhanced by three orders of magnitude for the effective neutrino massm 1 = 10 −4 eV (Fig. 2(b) ) and by two orders of magnitude form 1 = 10 −5 eV (Fig. 3(b) ). For h 1 < 0.01 the effect of cosmic string essentially disappears.
The above happenings, in particular the dependence on the value ofm 1 , can be understood as follows: In the absence of injection term when the wash out processes fall out of equilibrium the asymmetry produced by the decay of N 1 's does not get wiped out, and the produced B − L asymmetry remains as the final asymmetry. Since the decay rate of N 1 's depends linearly onm 1 as inferred from equation (38) 
Conclusion
In this paper we have studied the effect of B−L cosmic strings, arising from the breaking of a U (1) B−L gauge symmetry, on the present baryon asymmetry of the Universe. We briefly discussed the evolution of B − L cosmic strings by considering two important processes, namely, the slow and quick death of cosmic string loops and then calculated the injection rate of N 1 's in a comoving volume. We then solved the relevant Boltzmann equations to obtain a net B − L asymmetry by including the N 1 's released from the cosmic string loops as well as those of thermal origin. Assuming that the CP -asymmetry parameter ǫ 1 is saturated to its maximum value [6] we show that in certain phenomenological models for a reasonable value of the neutrino mass parameterm 1 the effect of cosmic strings disappear for η B−L < 10 11 GeV even if we allow the Yukawa coupling to be unity. Further at higher values of η B−L the string effects disappear for h 1 < 0.01. While the mechanism investigated here can be easily generalized to a supersymmetric model, there are unlikely to be significant changes in the quantitative aspects. In particular unless some salient physics significantly modifies the scale of efficacy, viz., 10 11 GeV of this mechanism, the supersymmetric generalization is not helpful in resolving the issue raised by the gravitino bound [44] and the need for a mechanism at scales < 10 9 GeV.
A more fruitful approach towards success of this scenario at lower energy scales would be to also seek additional sources for CP violation for the cosmic string generated heavy neutrinos. This is possible since they get produced from the decay of a bosonic condensate consisting of the string loops. However the strength of the present investigation is the direct comparison between the two sources of heavy neutrinos. If the mechanism applicable to the non-thermal source is different, the model becomes less constrained and its verifiability is sacrificed to a certain extent.
A useful conclusion from the rather constrained scenario considered here is that in the regime η B−L > 10 11 GeV and h 1 > ∼ 0.01 for ǫ 1 ≪ ǫ max 1 (i.e. δ ≪ 1) while the thermal abundance of right handed neutrinos is not sufficient to produce the required B − L asymmetry the cosmic strings can give rise to the observed level of the asymmetry.
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